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Abstract
This is a presentation of the CO2 Storage Atlas of Norwegian North Sea. It includes an evaluation of the storage
potential in large saline aquifers, in mapped geological structures and abandoned fields. Safe and efficient storage has
been our focus. An evaluation of critical parameters for reservoir quality and sealing quality is established, together
with a description of maturation of the storage sites. Potential CO2 storage sites which could be in conflict with the
on-going or future petroleum activities in the North Sea are excluded.
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1.Introduction
Studies have shown that it may be possible to store large amount of CO2 on the Norwegian Continental
Shelf (NCS). Several saline aquifers are present and many dry-drilled structures proven. Valuable 
information has come from 15 years experience with CO2 storage from the Sleipner Vest Field into the
Utsira formation and from the Snøhvit Field (Barents Sea) from 2008. The Norwegian Petroleum 
Directorate (NPD), on request by the Ministry of Petroleum and Energy, has prepared the CO2 Storage 
Atlas of the Norwegian part of the North Sea [1]. The main objective is to show where it might be possible
to implement safe long-term storage of CO2, and how much capacity there is for geological storage of 
CO2 offshore Norway. Some requirements were set up-front. Possible storage sites should have no 
interference with the petroleum activity and the mapping and volume calculations should be verifiable.
An important objective for the atlas was to form the basis for any terms and conditions to be set for future
development of a storage site. The Minister of Petroleum and Energy launched it 13th December 2011
(fig8b).
2. Petroleum Activity
seventh largest oil 
exporter. Currently, 70 fields are in production on the NCS, whereas 62 in the North Sea (NS) and twelve
fields are abandoned as of 31 December 2011. Oil production started in 1971 and during the following 
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years, several large discoveries were made [2]. These fields have dominated the production from the 
Norwegian continental shelf and have led to the establishment of a large infrastructure, enabling tie- in of 
a number of other fields and exportation of gas (fig.1a). 
 
 
 
 
 
 
 
 
 
Fig.1 (a)Established infrastructure in North Sea. (b)Seismic coverage in the Norwegian North Sea  
3. Access to data 
 
The study presented here is based on detailed work on all relevant geological formations and hydrocarbon 
fields in the Norwegian part of the NS. NPD has access to all data collected on the NCS from the 
petroleum industry and has a national responsibility for these data. The main objective of these reporting 
requirements 
overviews and analyses make up an important fact base for the oil and gas activities. More than 40 years 
of petroleum activity has generated a large quantity of data. This covers 2D and 3D seismic data, data 
from exploration and production wells such as logs, cuttings and cores as well as test and production data 
(fig.1b). These data, together with many years of dedicated work to establish geological play models for 
the NS, have given us a good basis for the work presented here. 21 geological formations have been 
individually assessed in this study. 
4. Geological development of the North Sea 
 
The basic structural framework of the NS is mainly the result of Upper Jurassic/ Lower Cretaceous 
rifting, partly controlled by older structural elements (fig.2a). In the southern North Sea, thick Permian 
evaporate sequences were deposited (Zechstein). Salt tectonics (halokinesis) is important for generation 
of closed structures, including hydrocarbon traps, in the southern part of the NS and also as a control on 
local topography and further sedimentation [3]. Due to their deep burial, Pre-Jurassic strata have not been 
evaluated for CO2 storage potential. The transition between the Triassic and Jurassic is marked by a 
widespread marine transgression, followed by the growth of a volcanic dome centered over the triple 
point between the Viking graben, the central graben and the Moray Firth Basin [4]. The doming caused 
uplift and erosion and was followed by rifting. Large deltaic systems containing sand, shale and coal were 
developed in the northern NS and the Horda Platform (Brent group). In the Norwegian- Danish Basin and 
the Stord Basin, the Vestland group contains deltaic sequences overlain by shallow marine/ marginal 
marine sandstones. The most important Jurassic rifting phase in the NS area took place during the Late 
Jurassic the earliest Cretaceous. During this tectonic episode, major block faulting caused uplift and 
 (b)  (a) 
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tilting and created considerable local topography with erosion and sediment supply. In anoxic basins thick 
sequences of shale accumulated (Draupne Formation), which form important source rocks and seal for 
hydrocarbon traps in the NS area. The rifting ceased and was followed by thermal subsidence. The Upper 
Cretaceous is dominated by two contrasting lithologies. South of 61ºN there was deposition of chalk, 
whereas to the north, the carbonates gave way to silicilastic, clay-dominated sediments. In the 
Paleocene/Eocene a series of submarine fans sourced from the Shetland Platform area towards the east 
into the study area. These sands interfinger with marine shales in both the Rogaland and the Hordaland 
groups [5].  In the Miocene a deltaic system had developed from the Shetland Platform into the Norwegian 
sector of NS, and is represented by the Skade and Utsira Formations. Due to uplift and quaternary glacial 
erosion of the Norwegian mainland, thick Neogene sequences were deposited into the NS. This led to 
burial of the Jurassic source rocks to depths where hydrocarbons could be generated and the seals were 
effective (fig.2b). 
 
 
              
Fig.2. Structural elements in the Norwegian part of the North Sea (a), depositional system (b) 
5. Methodology 
 
Depending on their geological properties, several types of geological formations can be used to store CO2. 
In the NS Basin, the greatest potential capacity for CO2 storage will be in deep saline-water saturated 
formations or in depleted oil and gas fields. To be suitable for CO2 storage, saline formations need to have 
sufficient porosity and permeability to allow large volumes of CO2 to be injected in a supercritical state 
with sufficiently high injection rate (fig.3b) [6]. Data from nearby wells and knowledge about the 
depositional environment were used to evaluate the porosity- and the permeability. The seals of the saline 
aquifers are represented by shale and carbonate rocks, while the final seals are Tertiary and Quaternary 
deposits mainly consisting of shale and clays. A systematic workflow and characterization system has 
been developed for this study (fig.3a). In subsequent steps in the workflow, each potential reservoir rock 
and seal is identified, when evaluated and characterized for their CO2 storage prospectivity. The initial 
dominant trapping mechanisms in this area is stratigraphic or structural trapping, or a combination of the 
two. Residual and solubility trapping is taken into account when it comes to estimation of storage 
capacity and migration of the injected CO2.  
(b) 
Norway 
Denmark 
(a) 
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Fig.3 Workflow (a), storage conditions for CO2 (b) 
 
6. Characterization of the saline aquifers 
 
A method for characterization of the saline aquifers has been developed in this study. Three levels of 
check-lists are established to describe the reservoir and seal qualities (fig.4). The checklist for reservoir 
properties gives a detailed overview of the important parameters regarding the quality of the reservoir. A 
corresponding checklist has been developed for the sealing properties. Evaluation of faults and fractures 
through the seal, in addition to old wells, are important for the sealing quality. Based on the analyses, the 
parameters are characterized by a number of 1 to 3 according to their qualities. An extensive database has 
been available for this evaluation. A color-coded system for data availability is established (good, limited 
or poor). It should be noted that the evaluation method used here is developed for a particular area in an 
offshore shelf with generally good data coverage. 
 
  
 
 
 
 
Fig.4 Characterization charts for reservoir and seal (a. Level 1, b. Level 2) 
(b) 
(a) 
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7. Definition and principles for selection of storage sites
An aquifer is a body of porous and permeable sedimentary rocks where the water in the pore space is in 
communication throughout. Aquifers may consist of several sedimentary formations and cover large
areas. They may be somewhat segmented by faults and by low permeable layers acting as baffles to fluid 
flow. In this study the 21 evaluated geological formations have been grouped into 10 saline aquifers.
Maps, profiles and pore pressure data have been utilized in order to define the main aquifers. All the
identified aquifers in the area are saline, most of them have salinities in the order of seawater or higher.
In the western provinces, west of the red line in figure (fig.5b), Jurassic source rocks generate 
hydrocarbons, which have migrated into Paleogene and older aquifers. In these provinces it is anticipated 
that some of the abandoned fields will be storage sites for CO2. The only aquifer which has been 
evaluated is the Utsira-Skade aquifer which is overlying hydrocarbon bearing formations.  Oil and gas
reservoirs were initially saline formations, and therefore generally have similar properties. There is great
confidence in the seal integrity of oil and gas reservoirs with respect to CO2 storage, as they have held oil 
and gas for long time. Reservoirs in abandoned fields are penetrated by many exploration and production 
wells. CO2 storage in abandoned and depleted fields will usually require a careful study of the integrity of 
these wells. In the hydrocarbon provinces an indication of the storage capacity of the fields has been 
given, but no aquifer volumes were calculated. Some of the oil fields are considered to have a potential
for use of CO2 to enhanced oil recovery (EOR). Some of the CO2 used for EOR will remain trapped. The
capacity for this type of CO2 trapping has not been calculated. In the eastern area, east of the red line
(fig.5b) hydrocarbon discoveries have only been made in a few local basins. All the large aquifers have 
been selected based on the established criteria  and storage capacity is estimated by the method described. 
The Sognefjord Delta and the Statfjord Formation aquifers are developed both within the petroleum 
provinces in the west and as saline aquifers in the east. For these cases, only the eastern parts of the
aquifers have been evaluated for CO2 storage.
,   
Fig.5 Geological Formations and aquifers (a),Distribution of major aquifers in the petroleum provinces(b),The pressure regime (c).           
(a)(a) (b)(a) c)(
(a)
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8. Estimation of storage capacity
On the NCS, CO2 can be stored in producing oil fields, depleted oil and gas fields, or in saline aquifers. In
a producing oil field, CO2 can be used for enhanced recovery before it is stored. In a depleted oil and gas
field, CO2 can be injected until the initial pressure has been reached, or to some extent it can be over-
pressured (fig.5c). The storage capacity calculated will clearly depend on the storage method chosen.
Storage based on pressurizing of pore water or storage based on displacing or producing the pore water,
will represent large differences in available capacity. For this study capacity calculation is based on 
displacement of water. It is important to know if there is communication between multiple reservoirs. If 
the reservoir is not in pressure communication with other reservoirs, the capacity will primarily depend 
on how much it can be pressurized without fracturing. The degree of pressurization depends on the
difference between the fracturing pressure and the reservoir pressure, and the volume increase depends on 
the compressibility of the rock and the fluids in the reservoir. The solubility of the CO2 in the different 
phases will also play a part. For saline aquifers the amount of CO2 to be stored can be given by the 
formula (Fig 6a) [7]. The storage efficiency factor Seff has been assessed individually for each aquifer 
based on simplified reservoir simulation cases. It is calculated as the fraction of stored CO2 relative to the 
pore volume. The CO2 in the pores will appear as a free, mobile or immobile phase (trapped). Most of the
CO2 will be in a mobile phase. Simulations show that approximately 10- 20 % of the CO2 can be 
dissolved in the water. When injection stops, the CO2 will continue to migrate upward in the reservoir,
and the water will follow and trap some of the CO2 behind the water. This CO2 behind the water will
become immobile. The trapped CO2 saturation can reach about 30 % depending on how long the
migration continues. The diffusion of CO2 into the water will be small, but may have an effect over a long 
period. The injection rate will depend on the permeability and how much of the reservoir is exposed to the
injection well. The number of wells needed to inject a certain amount of CO2 will depend on the size of 
the reservoir and the injectivity. For a homogenous reservoir with a permeability of 200 mD and reservoir 
thickness of 100m, the storage efficiency in a closed system is simulated to be 0.4 to 0.8 %, with a 
pressure increase of 50 to 100 bar. In a closed system, a pressure increase between 50 and 100 bars is a 
reasonable range for reservoirs between 1000 and 3000 m, but this needs to be evaluated carefully for 
each reservoir and seal. If the reservoir is fully open, the reservoir pressure will stay constant during
injection, as the water will be pushed beyond its boundaries of the intended storage area. The efficiency 
will be ~5 % or more, depending primarily on the relationship between the vertical and horizontal
permeability. Assuming that the number of injection wells is not a limiting factor, a low vertical to 
horizontal permeability ratio will distribute the CO2 better over the reservoir than a high ratio.In this case
the storage efficiency goes from 5 to 12% if the vertical to horizontal permeability ratio (kv/kh) decreases
from 0.1 to 0.001(fig.6b)
Fig.6 Formula for capacity calculation(a), Cross sections of a flat reservoir with injection for 50 years(b)
For abandoned oil and gas fields, the amount of CO2 that can be injected depends on how much has been 
produced, and to what extent the field is depleted. A material balance is used to calculate water influx 
MCO2= Vb x Ø x n/g x CO2xSeff.
CO2 amount of CO2 in tons
CO2 density of CO2 at reservoir conditions
(b)
(a)
(b)
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during depletion when one knows the reservoir volumes of oil, gas and water produced as well as the 
initial and abandonment pressure. The water influx has to be subtracted from the produced volumes to 
calculate the amount of CO2 to be injected. In water-flooded oil reservoirs where the reservoir pressure is 
built up to almost initial pressure, injection of CO2 can occur either by pressurizing the reservoir or by 
injecting at a constant pressure. With pressure increase, the storage efficiency will be small, around 1% of 
pore volume. If the injection is to occur at constant pressure, water has to be produced out of the field, 
preferably from the water zone. Then CO2 injection will occur in a half open situation and the storage 
efficiency is modeled to be between 5 and 10% depending on the heterogeneities in the reservoir, 
primarily the kv/kh. 
9. Storage capacity  
 
The evaluation of geological volumes suitable for injecting and storing CO2 is presented as a step-wise 
approximation in the maturation pyramid (fig.8a).  
Excluding the aquifers in the petroleum systems, two aquifers with significantly greater storage potential 
than the others have been identified. These are the Utsira-Skade Formation aquifer and the Bryne-
Sandnes Formation aquifer. For Bryne-Sandnes aquifer storage capacity is estimated for the entire 
aquifer. It is also estimated for the Farsund Basin, as part of the aquifer and for mapped prospects within 
the aquifer (fig.7). 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 Evaluation of the Bryne-Sandnes aquifer 
The estimated storage capacity is classified by the exploration maturity of the sites. An estimated total 
potential of 48 Gigatonnes (Gt) in aquifers and 24 Gt in hydrocarbon fields after abandonment. Most of 
the saline aquifer potential is found in areas with a reasonable good coverage of seismic data, but where 
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more data and studies will be required to select and define injection sites.There are also some areas where
available data are not sufficient to make a good evaluation, so 4Gt is defined as mainly theoretical 
volumes (blue area). A substantial capacity of 1,1 Gt is estimated for areas where effective and safe 
storage has been demonstrated by injection projects (Utsira-Skade aquifer, Sleipner area) or by detailed 
dedicated evaluation (Johansen-Cook aquifer) [1].
Fig.8 Maturation of estimated CO2 storage capacity (a). CO2 Storage Atlas of Norwegian North Sea (b)
Acknowledgements
The CO2 Storage Atlas has been developed by a team at the Norwegian Petroleum Directorate. The support from colleagues through 
discussions, and the support from the Ministry of Petroleum and Energy have been of great importance. Sincere thanks to Tor 
Eidvin, Bernt Egeland, Asbjørn Thon, Robert Williams and Ida M. Meling for constructive contributions. The Norwegian CO2
Storage Forum has contributed with its expertise in our meetings over the last two years.
GEUS has made important contributions to improve our understanding of the geology of the Norwegian-Danish Basin and the 
Skagerrak area. AGR has contributed to the reservoir modelling related to CO2 storage.
References and Web resources
[1] Halland, E K et al., 2011. CO2 Storage Atlas, Norwegian North Sea
http://www.npd.no/Global/Norsk/3-Publikasjoner/Rapporter/PDF/CO2-ATLAS-lav.pdf
[2] The NPD fact pages: http://factpages.npd.no/factpages/Default. aspx?culture=en
[3] Isaksen, D, and Tonstad, K. 1989. NPD Bulletin no.5. A revised Cretaceous and
Tertiary lithostratigraphic nomenclature for the Norwegian North Sea. 65 pp.
English text. IS BN 82-7257-241-9. http://www.npd.no/en/Publications/NPDbulletins/
255-Bulletin-5/
[4] Vollset, J, and Doré, A G (editors). 1984. NPD Bulletin no.3. A revised Triassic and
Jurassic lithostratigraphic nomenclature for the Norwegian North Sea. 53 pp.,
English text. IS BN 82-7257-155-2. http://www.npd.no/en/Publications/NPDbulletins/
253-Bulletin-3/
[5] Deegan, C E, and Skull, B J. 1977. NPD Bulletin no.1. A standard lithostratigraphic
nomenclature for the central and northern North Sea. 36 pp., 27 maps, English
text. (Also published as Institute of Geological Sciences Report 77/25.) http://
www.npd.no/en/Publications/NPD-bulletins/251-Bulletin-1/
[6] CO 2CRC : http://www.co2crc.com.au/
[7] Geocapacity: http://www.geology.cz/geocapacity
(a) (b)
